46
Comprehensive reviews of the recent development in hydrocracking models have been compiled by Ancheyta and Elizade [21, 24] . A number of different approaches are used, depending on the available data and intended application of 48 the model. Discrete lumping models, which use dedicated correlations for the reactivity of each lump, are among the 49 simplest option. First developed by Qader and Hill [25] , these models have been widely used [21, 22] . The lumps can repre-50 sents specific cuts or pseudo components [26] . Continuous lumping models offer a much finer resolution of the feed.
51
They consider the hydrocarbon mixture to be a continuous distribution along an internal coordinate (most commonly
52
True Boiling Point, TBP) [21, 22, 24, 27, 28] . A more detailed description of the reaction network can be achieved by decom-position of the feed into a number of lumps, each distributed along TBP [22] . Other modeling approaches include the use 54 of neural networks [29] and microkinetic modeling [30] [31] [32] [33] . Using neural networks is an entirely empirical black-box 3 approach, which is not based on an understanding of the underlying chemical kinetics. These powerful models can be 56 used when large amounts of data are available. Microkinetic modeling, such as the single events approach, is based on the 57 reconstruction of the feed into its individual molecules. A large reaction network with thousands of possible reaction 58 pathways is then constructed. These models require a detailed understanding of the chemical kinetics and feed composi-59 tion. A large amount of computational resources is also required.
60
The data fitting procedure and statistical analysis of model parameters for a continuous lumping model is presented in 61 this work. The paper is structured as follows: The experimental setup of the pilot plant and the databases is presented in 62 section 2. Details of the continuous lumping model used here are given in section 3. This is followed by a description of 
66

Process Description
67
Industrial hydrocracking operations are generally a two-step process (R1 + R2). The second step (R2) is considered sepa-68 rately in this study.The main HCK reactor, with a zeolite catalyst follows an hydrotreatment reactor. The first reactor (R1) 69 uses a catalyst designed to remove organic nitrogen and sulfur, hydrogenate aromatic compounds, and remove metallic 70 impurities. These catalysts are much less susceptible to poisoning than the zeolite-based HCK catalysts. Nitrogen-and 71 sulfur-containing compounds, as well as metals are known to inhibit zeolite catalysts [5] . This allows the more fragile 72 zeolite catalyst in the second reactor (R2) to perform the main hydrocracking reaction. The main purpose of the HCK 73 catalyst (R2) is the breaking up of large hydrocarbon atoms contained in the VGO residue, in order to obtain the more 74 valuable middle distillate cuts. Two types of tests were used in the calibration and evaluation databases: 1) pretreatment
75
(R1) and hydrocracking (R2) in a single step, and; 2) separate pretreatment (R1). These two cases are illustrated in Figure 1 
77
In the first case, the gases produced in R1 (H2S, NH3, hydrocarbon gasses) are carried over in the feed entering R2. The 78 total mass entering R2, with respect to the feed of R1, is equal to the sum of the mass entering two-step process and the 79 hydrogen consumption in R1.. The total yield of the two reactors is then equal to the mass of the feed (R1) and the hydro-80 gen consumption in the two reactors (R1 and R2).
4
In the second case, the gases are separated from the effluent of the pretreatment reactor, which is analyzed and stored for subsequent use in a hydrocracking test. The feed entering R2 is therefore 100% liquid. Aniline and dimethyldisulfide quently subtracted from the effluent, giving a total yield of sum of the mass of the feed (R2) and the hydrogen consump-85 tion (excluding H2 used up in the generation of H2S from DMDS and NH3 from Aniline). This setup allows the influence 86 of feed nitrogen content to be studied independent of other feed characteristics.
87
The sulfur and nitrogen contents in the liquid stream entering R2 are subsequently referred to as S R2 and N R2 , respec-88 tively. The nitrogen and sulfur content entering R1 are referred to as N R1 and S R1 . In the case of a pre-treated feed, the 89 equivalent nitrogen content due to aniline additive is used instead.
90
The Pilot Plant
91
The experimental runs presented in this study were performed in a pilot unit at IFP Energies Nouvelles, Solaize, France.
92
The hydrocracking step was performed on a commercial NiMoP-zeolite catalyst. Various commercial HDT catalysts were 
112
The range of the main operating conditions, temperature (°C), hydrogen to hydrocarbon ratio (H2/HC, StdL/L), and
113
Liquid Hourly Space Velocity (LHSV, h -1 ) is given in Figure 4 . The residue (>370°C) cut in the feed of the zeolite catalytic 114 bed (R2) and its conversion, X 370+ =100*(1-Y 370+,out /Y 370+,in ) are given in Figure 5 to give an overview of the performance of 115 the experimental runs.
116
The range of the residual organic nitrogen in the feed is 0 -154 ppm. Four runs in the calibration database had con-
117
tained no detectable organic nitrogen; these are not shown in Figure 3 because of the log scale. The sulfur content is not 118 used in the modeling because it has been found to have negligible influence on hydrocracking reactions on a zeolite cata- 
129
The residue (>370°C cut) of the feed of R2 falls in a relatively narrow range of between 67 -84 %, with two validation
130
tests at around 50 %, corresponding to very high levels of pretreatment. The conversion (X 370+ ), on the other hand, covers 131 the complete range that can be achieved in a hydrocracking reactor, i.e. up to 100 %.
132
Measurements for the composition of the residue (>370°C) cut of the calibration feeds (R2), in terms of paraffin (P), 
Where:
149
It is important to note that the main cracking mechanism is β-scission of saturated hydrocarbon chains or cycles. β- 
156
These reactions are not explicitly modeled in the continuous lumping model presented here. 
165
The model presented here has been developed to capture the effect of the main operating parameters and feed condi-
166
tions in order to predict the yield structure of the hydrocracker.
169
The Model Equations
170
The feed simulated distillation (SIMDIS is a cumulative mass distribution. 
173
= � ( , )
Each interval is represented by θ i . The mass balance for each interval i is:
The mass being eliminated from the interval i, R i,iout is due to molecules being cracked. This results in a lower TBP. The 
178
A set of partial differential equations for the hydrocracking reaction can be constructed for the continuous mass distri-
179
bution c(θ,t), given in equation (2) . Here, the continuous elimination and creation terms are denoted r out and r in respec-
180
tively.
An expansion of the elimination (r out ) and generation (r in ) terms leads to:
183 c(θ,t) Mass fraction at TBP θ, and time t
The yield distribution, g(θ,θ * ), and reactivity function, f X (θ), do not change along the reactor (for isothermal operation)
185
and are therefore calculated a priori.
186
A gamma function was chosen for the reactivity function and a beta distribution was chosen for the yield distribution.
187
These two functions are very flexible regarding the shapes they can take [22]. They were chosen over the mode common
188
Gaussian and exponential distribution to give additional degrees of freedom to the model. The functions are given in 189
equations ( 4) and ( 5) respectively Both functions take two tuning parameters. 
n Number of carbon atoms in compound undergoing cracking 
194
An Arrhenius term was included in the pre-factor (k T ) to account for the effect of temperature variations. 
204
Furthermore, three H2 molecules are added for each full hydrogenation of an aromatic ring: 2, = 3 * ( , − , ).
205
Measurements of the total amount of aromatic carbon atoms in the feed are available, and the extent of the hydro- 
Inhibition Terms
209
Zeolite catalysts are known to be inhibited by the presence of NH3 gas [6] . An inhibition term (I N ), based on the nitro-
210
gen content in the feed of R1 (N R1 ) was therefore introduced in the model. The nitrogen in the feed of R1 is mostly trans-
211
formed to NH3, which is carried over to R2. The inhibition term is therefore derived from an estimation of the partial 212 pressure of NH3 gas in the reactor, given in equation (9) .
The residual nitrogen content in the feed of R2 (N R2 ) does also exhibit an inhibition effect on the zeolite catalyst. The 
Generation of Hydrocarbon Gas
221
The generation of hydrocarbons smaller than C5 is treated separately in this model. It has been observed that the pro-
222
cess of generating these light gases is rather different and cannot be modeled by the same continuous yield distribution 
227
The redistribution between C3 and C4 gasses are calculated using a dedicated correlation, which has been fitted sepa-228 rately using a separate calibration database. Zeolite catalysts, such as the one used in this study, generate negligible 229 amounts of C1 and C2 gas. This is because the β-scission reaction mechanism cannot crack a hydrocarbon chain at the 230 ends.
231
Parameter Identification
232
The continuous lumping model presented in section 2.1 contains 12 tuning parameters. These parameters were identi-233 fied using the calibration database presented in section 3.
3. An objective function for a set of parameters (β) was con-234 structed, defined in equation (9), from the square difference between the experimental measurements (y) and the simula-
235
tion results ( , ). Weights (w) were applied different components of the objective function. 
248
It is important to note that the error in SIMDIS is expressed in terms of °C, while the other errors are expressed in terms
249
of percentages. The former are an order of magnitude higher than the latter for a comparable fit of the model. A low
250
weight was therefore chosen in order to obtain the same order of magnitude for all observables.
251
The DN2FB FORTRAN optimization routine, part of the PORT library (Bell Labs) was used for parameter identification 252 [35] . This routine uses a Levenberg-Marquardt least squares algorithm to find the gradients of the objective function. The 253 target function is highly non-linear. The optimized set of parameters was found to be highly dependent on the initial 254 parameters, which implies convergence to local minima, rather than global ones in some cases. Optimizations were there-
255
fore performed for a set of 96 randomly chosen initial parameters. Optimizations were performed on the high-
256
performance cluster at IFP Energies Nouvelles, Solaize, France. The parameters of the case which converged to the lowest 257 value of the objective function was retained.
258
This procedure does not guarantee convergence to the global minimum, it does, however, at the very least provide a 259 good local minimum. The use of more advanced, global algorithms (i.e. genetic / global response surface algorithms) is far 260 14 more complex and time consuming than the gradient-based algorithm used in this study. This might be justified in a pure 261 academic research context.The approach used in this study is better suited for practical applications, where a the model 262 parameters for a new catalyst needs to be identified rapidly. The comparison of different optimization algorithms is per-
263
formed at IPFEN and is the object of separate bodies of work.
264
Model Validation
265
The objective of the construction of a continuous lumping model for a hydrocracking process is the accurate estimation
266
of yield structure and simulated distillation for a range of operating conditions. Estimation of the yield structure, in terms
267
of standard cuts, is necessary in order to perform process design and optimization. It is common to design a hydrocrack- 
270
The temperature of an industrial hydrocracking reactor is often adjusted to give a desired conversion (X 370+ ). The rela-
271
tionship between X 370+ and yield structure is therefore of particular interest. For a given feed and catalyst, this relationship
272
is relatively independent of reactor temperature. Simulations are run in two different modes:
273 1) iso-T: the real (measured) reactor temperature is used;
274
2) iso-RS: the temperature is adjusted such that the simulated residue content equals the experimental meas-275 ured value.
276
Good estimation of the SIMDIS of the effluent is necessary in order to calculate a number of product qualities for the 277 individual cuts (e.g. d154, octane number, viscosity index, cetane index). This is done by dedicated correlations, based on 278 the modeled SIMDIS.
279
Parity graphs, showing the agreement of simulation results and experimental measurements have been constructed for 280 iso-T and iso-RS modes.
281
Iso-T mode
282
The results for residue conversion (X 370+ ) and middle distillate yield in iso-T mode are shown in Figures 8 and 9 .
283
The residue conversion is well predicted for the entire range, i.e. 15 to 100%. Some data points, particularly for the vali- Table 1 .
15
The mean absolute errors for X 370+ and yield structure for both, the calibration and validation database are very good for 288 experimental runs with X 370+ < 90%. The errors are slightly higher but remain acceptable for the validation points. The 289 points with very high residue conversion are less well predicted by the model. It is, however, important to note that in-
290
dustrial hydrocracking units rarely operate at conversions higher than 90%. These points are therefore of somewhat lim-291 ited interest.
292
The possible reasons for this behavior are that the calibration database contained only two data points with X 370+ > 90%.
293
The shape of the reactivity function in this region is therefore not sufficiently sensitized. The other reason is related to the 294 fact that the SIMDIS becomes very steep around 370°C. This amplifies the error of residue ( > 370°C cut) yield, i.e. the 295 point at which the SIMDIS and intersects the 370°C line. The mean absolute errors of hydrogen consumption and total
296
yield show that the model ensures mass conservation and predicts the correct mass flowrates.
297
Iso-RS mode
298
A more detailed analysis is provided for the simulation results in iso-T mode. The simulation results for residue (>370°C 299 cut) yield and thus X 370+ , are fitted to experimental measurements in this mode. The yield structure of the model is ex-300 pected to improve with respect to iso-T mode. Figure 10 shows the middle distillate (150-370°C cut) yield. Kerosene (150-
301
250°C cut) and gasoil (250-370°C cut), which make up the middle distillate are shown in Figures 11 and 12 respectively.
302
The middle distillate (150-370°C cut) yield is better predicted than in iso-T mode for points with X 370+ < 90%. The major-
303
ity of points fall within the ±2 % error band. The high conversion points, on the other hand, are less well predicted in iso-
304
RS mode than in iso-T mode. The parity graphs for the gasoil and kerosene yields show that the error in middle distillate 305 comes mainly from the 250-370°C cut. Kerosene (150-250°C cut) yield is well predicted, even for elevated residue conver-306 sion. The gasoil (250-370°C cut) yield is poorly predicted for experimental runs with X 370+ >90%, even though most points 307 fall within a very narrow range (~20-25%).
308
The parity graph for total hydrocarbon gas (C1-C4) shows that the continuous lumping model provides very good simu-
309
lation results, even for high conversion (X 370+ > 90%). Only three points of the validation database fall outside the error 310 band of ±1 %. A summary of the mean absolute errors for a number of indicators is shown in Table 2 .
311
The ΔT values reported in Table 2 correspond to the mean temperature difference that had to be applied in order to ob-312 tain the desired X 370+ . As in iso-T mode, the results for the validation database are slightly degraded with respect to the 313 results obtained for the calibration points. A ΔT of 2.0°C and an error of the yield structure of slightly more than 1 % are 314 well within the accuracy that can be expected from a hydrocracking model.
315
Statistical Analysis of Model Parameters
Statistics were calculated by an in-house code to quantify the relative importance and correlations between the parame-the best local minimum of the least-squares objective function. This implies a zero gradient hat around the optimal set of 319 parameters β 0 :
The Taylor expansion of the objective function (J), around the optimal parameters (β 0 ), given the Hessian (H) gives:
The Eigenvector (v), with the associated Eigenvalue (μ) of the Hessian (H) is defined as: 
327
The Eigenvectors with their associated Eigenvalues are shown in Table 1 . The dominant parameter in the first five Ei- 
333
The correlation between the individual parameters can be determined from the symmetry in the Eigenvectors. This is
334
shown in Table 4 
343
The 12 model parameters were identified using a calibration database with 52 data points. Parameter identification was 
